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ABSTRAM?

A theoretical model In developed based on dislocation-interstitial inter-
action during stress application, which describes the mselautic behavior
of boo metals particularly during yield dsliy. It is shown that the re-
orientation of interstitial impurities apparently controls both the pro-
yield m•crostrain rate and the time to yield. The model is supported for
tantalum and col-u-im by the results of yield delay experiments over a
temperature range from -97OF to 4000F. Activation energies of the yield
delay process calculated both from microstrain rate data and time to yield
information indicate that hydrogen diffusion has a controlling effect.,
with other interstitials contributing to the effective activation energies
at the higher t•mpraturs.o Temperature insensitive stress effects are
noted.

The model is further subsantiatd by x-ray diffractometry which demon-
strates the occurrence of anelastic lattice strains during load application
and their consequsnt recovery.

A brief reum is given on the initial efforts of a high temperature study
on the anelasticity in tantalum and co,-6im-.- This ntudV is aimed at
exploring anlanstic behavior up to 30000,

This tochnical documentary report has been reviewed and is approved.

we J Trapp
Chief, Strength and Dynamics Branch
Ibtale and Ceramics Laborazory
Directorate of Naterials and Processe
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------ UCTION

The specific pupose of this investigation vas to establish the presence

of delayed yield, pre-yield microoreep and related strain rate effects

in tantalum and columbium and to detezuine the major mechanisms controll-

ing these effects. From previous experiments on molybdenum, another body

centered cubic metal, it was established that interstitial impurities,

by a mechanism analogues to the Snook effect, contribute significantly

to the pre-yield microcreep, and apparently play s controlling function

in the yield delay and strain rate sensitivity of the material. A major

portion of the present investigation was devoted to detect similar phen-

omena in tantalum and columbium. The contributions made by interstitials

to the inelastic behavior of bcc metals may be summarised in the following

manners

In a typical yield delay experiment the interstitials contribute to the

anelastic pre-yield deformtLon (microcreep)s by diffusion controlled

reorientation of interstitials into preferred lattice sites. Consequently,

miorocreep can be considered a result rather than cause of yield delay.

The diffusion pLenamenon itself should also have a controlling effect

on the yield delay tims by reducing potential and actual barriers to the

propagation of dislocations in preferred slip planes and by reducing

Cottrell atmospheres about dislocationso

YAnuscript released by the authors Nov 1962 for publication as an ABD

Technical Documentary Report.
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In the came of strain rate experimsnts a similar model can be hypothosisedo

Duarng the load application, diffusion of interstitials into preferred

positions takes place slal-tanoously with the elastic deforsation. Do-

pending on the relative rates of the diffusion and of the elastic lattice

strain, the reduction of barriers and Cottrell atmospheres prior to yield

will vary, resulting in a variation of the upper yield point with strain

rats.

This model is basically not in conflict with the dislocation model of

anelasticity but complement* the latter. The dislocation modela of

yield delay have, to date, given no considertion to redistribution of

interstitials; but, it has long been established, first by Snook, that this

is a real phenomenon. To establish uhether the proposed impurity model

has validity the following experimental evidence was to be established.

First, the activation energy of microcreep must have functional dependence

on the activation energy of diffusion of the interstitials present.

Secondly, non-elastic lattice deformation due to reorientation of inter-

stitiala, end not only slip deformation due to dislocation motion, mast

be present during the pro-yield deformation process. Thirdl!y, the upper

yield point, either in yield delay or strain rate wiperiments, must show

a dependency on the activation energy of interstitials.

It ins obvious that the diffusion rates of meat somon interstitials in

the lattice either at very low or very high teoperatureo, are such that
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preferrential reorientation is either too slow or too fast to produce

any observable anelastio effects. This in easily understood if we define

anelasticity as the condition at which strain is lagging the applied

load in tinm, or, at which the strain is out of phase with the applied

stress. Therefore, this portion of the investigation was confined to

the lok and medium temperature range (-1060F to +400OF) for both tantalum

and columbium.

The second phase of this investigation is aimed at high temperature

anelastic behavior of tantalum and columbium. The extent of this phase

is such that it must be considered an initial effort only, for the pur-

pose of establishing experimental methods and exploratory data.

At high temperatures the causes for anelasticity in bec metals have not

as yet boew precisely defined. Bven the characteristics of anelasticity

at high temperatures have only been very sketchily observed. Primary

indications that anelasticity does in fact exist comes only from a number

of experiments indicating the re-appearance of upper yield points at very

hl1h temperatures and the presence of strain rate sensitivity. From the

previous experiments it appeared justified to anticipate a direct relation

between these two phenomena and anelasticity. As stated earlier, inter-

stitial impurities, at least in mall concentrations, cannot be expected

to produce anelastic behavior at high temperatures except, perhaps in

cold worked metals. It was, therefore, important to first hypothesise
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and experimentally verify wiich basic material properties or constituents

can contribute to anelastic behavior. Based on estimated activation

energLes and other evidence a nuber of contributors can be anticipateds

substitutional impurities, grain boundaries by means of grain boundary

viscosity, pairs or larger aggregates of interstitials in saturated

metals, and possibly dislocations moving vith their impurity atmospheres

or slowed down by specific barriers. High temperature internal friction

studies, yi"eld delay and strain rate experiments, as well as careful con-

trol of the material properties,are considered the basic requirements to

approach the problem. To prevent the various possible contributors to

anelasticity from producing undue complexity of the problem it was decided

to use grain si$e variation as the first variable parmeter in this in-

vestigation.



THBFORETICAL BACKGROUMD

DISICATION M)IL

Most of the recent theories on the anelastic, pro-yield behavior of beo
(1) (2)

metals, e.g., iron and molybdenum , are based on a pure dislocation

model. Basically the assumption is made that, during yield delay, a

number of dislocations propagate in slip planes with suitable orientation,

relative to the applied stress, and thus cause an observable microcreep

rate.. Depending on the applied stress, the extent of propagation of the

dislocations is limited by barriers in the material, such as grain boundaries.

Dislocations pile up at these boundaries until their combined stress is

sufficient to overcome these barriers, thus causing macroscopic yield.

The time required to generate a sufficient number of dislocations for the

initiation of macroscopic yield is identified as the yield delay time. This

(3)concept was originated by Fisher who derived appropriate relations

introducing the activation energy for the nucleation of the dislocation

loops from their Cottrell atmospheres during the pro-yield deformation.

Those relations wore later modified by Vreeland and Wood to include

the effects of baeostress of the activated dislocation loops.

In their simplest form, based on the original wcrk by Fisher, these re-

lation. my be expressed as

_To"4t~.
tX=A e- b a, F;Z

5



ihm *y tanU toyield

to - ainital Micros&rain rate

A, 15 a factors relat•Laly insensitive to tperature and stress

-to - menrg per unit langth of dislocation hen free from
solute atom

It - anerg per wunt length of dislocation in the presence
of solute atom

b - Borgers vector

Ca a w the applied shear and tensile stre.s• respectively

It mq be speoifically noted that those expressione imply that the logarithm

of the delay tims as wefl an of the microstrain rate are inversely pro-

portional to the applied stress. When experimental data were fitted to

these theoretical ezpressions by Vreeland and Wood, it was found that the

emprical values of l (V• r ) Led to unusually snal values of

I - • h om cosen red with the energy ratios calculated by Cottrell

a discrepancy of a factor of 50 was determined in the case of iron. This

large factor my be reduced soewuhat by introducing the sugestion by

( 5)
Cottrell that the dislocation sepents involved in the yielding pro-

cess my be significantly smaller than the length of Frank Read source.

For exanple, the existence of active dislocation elements of a length of

approzimately 10 b, is suggested by the work of lhura and Brittain

However, with these dimensions the Line energy of the active dislocation

is changed by a factor of about two only and doeo not nearly account for

the observed discrepancy.
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Several investigators have since proposed that the preyield deformation

process is controlled by an activation energy which is a linear function

of the applied stress rather than an inverse function.

( 7)
For example, Peiffer in a recent analysis indicates that the yield

delay time should be described by a relation similar to that derived by
( 8)

the authors during earlier work on molybdenum

According to Peiffer

I •/ RT
N R T(2)

where o Debeye frequency

ma nuber of dislocation segments that have moved before
macroscopic yielding occurs

EO a activation energy

v a activation volume of dislocation.

Poiffer used the same experimental data which yielded- m apparent veri-

fication of Relations (1) to show the applicabiU1wy of Equation (2).

Some insight into the question of 4ether one mould expect Cottrell's

dislocation model to apply has been thought to be obtainable from measure-

ments of the variation in lover yield stress with ae .ags pain dimeter

for different temperatures. Ihe usual Patch type equation d-y.-qi÷•y."

would be expected to apply. In this equationAy, = ao-,,P Is a measmre

of the stress required ahead of an equilibrium dislocation pile-up to



unlock a Frank-Read source from its Cottrell atmosphere.

We refer t an excellent review for the temperature dependence of each

(9)of the component expressions in the Petch equation . It has been

concluded that the sharp increase in the yield point with decrease in

temperature is not connected with the fastening of dislocations by the

Cottrell "clouds".

In particular, the Ay factors in tantalum(10) and columbium(II) appear

to be by a factor of six to ten smaller than in iron or molybdenum. This

implies that the Cottrell locking in the two metals (Ta, Cb) is very weak

indeed.

Strong temperature dependence of the upper yield stress is not in agree-

ment with such a conclusion. It was therefore felt that, at least at the

upper yield point, the Cottrell mechanism is still a controlling factor

in the bcc metals under investigation. Since yield following yield delay

occurs somewhere between the upper and lower yield point, by the usual

definition, it must be assumed that Cottrell or other interstitial - dis-

location interactions must be given consideration. Also, observations of

the Bordoni peaks by various investigators point toward efficient inter-
(12)

stitial locking

The relatiw insensitivity of l signifies the existence of some athermal

mechanisms in the yield process in addition to or in place of the thermally

activated unpinning of dislocations. This was pointed out by Conrad and

Schoeck (13)T. Ae y factor may, e.g., describe the athermal generation
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of dislocations in or near grain boundarieg from sources other than the

Frank-Read type source.

INTERSTITIAL DIFFUSION MODEL

A critical, theoretical evaluation of all Available data was initiated

to establish whether the pure dislocation Model of pre-yield anelasticity,

and its inherent uncertainties, could eithqr be reconciled with or replaced

by a model, as formerly suggested( 8 ' 14' "5'which takes into account the

contribution of interstitial diffusion.

(8)
Previous work on molybdenum resulted in a semiempirical description

of the observed microcreep and strain rate data which had the form

& ca) + K r1 nT dt
E .(3)

0

The first term on the right side of the equation corresponds to the purely

elastic strain and the integral to the time dependent anelastic strain

caused by reorientation of interstitiali for an arbitrary stress history.

A complete derivation of Equation (3) is given in Appendix A.

Though Equation (3) provides a suitable description of experimental data

both for microcreep and strain rate sensitivity, it did not yield an en-

tirely satisfactory theoretical interpretation of these.data. The anti-

(16) (17) (18)
vation energies, Q , for iron, molybdenum1, and columbium

appear to indicate beyond any doubt that interstitial diffusion repre-

sented a controlling mechanism. Houever, the value of, / , is in all

cases an order of magnitude or more greater than could be calculated, by

basic thermodynamic th3ory, from the change of energy with strain

9



of an interstitial in its preferred, non-preferred, or saddle point position.

U

Q,

Appendix B contains a discussion of the offect of stress on diffusion

rates together with calculations of -2 as based on experimental infor-

mation on the martensitic transformation in bce metals.

Numerous variations of Equation (3) were investigated based on other

empirical descriptions of both the yield delay and strain rate phenomena.

For example, it can be shown that, over the normal range of stresses in

yield delay experiments, the data obtained in this investigation can also

be represented either as linear or inversely proportional functions of

stress Sego, &ivs o0 or .2U. cot J- . Both produce apparently straight

line relations for any given temperature. It was feasible to satisfactorily

fit the experimental data obtained in this investigation to these and other

relations, at least over a major portion of the stress ranges used. However,

none of the forms suggested to date provide a non-empirical interpretation

of the experimental data if a pure interstitial model is used,

PRIVPN) MIDEL. DISOCATION - INTERSTITIAL INTERACTION

A re-evaluation of the yield delay model led to a satisfactory solution.

10



It was concluded that the pro-yield deformation mechanisms must indeed

be described by the combination of a dislocation and interstitial diff-

usion model.

The stress levels causing yield delay are always sufficiently high to

activate a number of dislocation segments. The probability that dislocation

segments are propagated from their source is governed by the jump frequency

which is an exponential function of the activation energy QD , The

latter is determined by immediate barriers such as Cottrell atmospheres and

the Peierls barrier of the material. The jump frequency is enhanced, or

the activation energ lowered, by the application of a stress. The fact

that dislocation motion is a jump process has been demonstrated experi-

mentallty(1

During microcreep, the length of the dislocation segments free to move

under the applied stress is determined by the density of the interstitiala

locking the dislocation. In Appendix C it is shown that interstitial.

below a positive dislocation, provide maximam locking, and that, on appli-

cation of a stress, interstitial positions in the slip plane correspond

to preferred positions relative to the positions below the dislocation.

Consequently, if the applied stress is less than the upper yield point,

the propagation of the line sepents is possible only if the interstitials

in the locking position diffuse into preferred positions under the influence

of the aplied stress. Therefore, the motion of each dislocation segant

is controlled by the probability that an interstitial is not present in the

locking position.

11



Mxi my be expressed as

Ci - % IJ(- t ) (4k)

Where

r•Jo - miber of dislocation segments blocked by interstitials

from propagating a primary distance, d.

XD a effective decay constant (or jump frqquency) of dis-

location segment not locked by interstitial

*X - effective decay constant of interstitial into neigh-

boring, vacant site.

The decay constant A , must be considered in the light of the inter-

stitial - dislocation interaction, and of the effects of an aplpief stress.

Now, using the mae notations as used elsewhere for interstitial diffusion

it has already been shown in the discussion on the pure interstitial diff-

usion model end in Appendix A that the activation energy Qr has a stress

dependency Qz = Qo- -0 , where - only depends on the lattice

strain. It has also been shom that the drift velocity of impurity

atoms is affected by the stress field of the interstitials themselves.

Min can be expressedinterms of ?)F (5)

12



The force term F , due to the static stress field of a dislocation is

normally defined as A /rt , whore r is the distanos between the inter-

stitial and the dislocation and A is a constant which depends ont the

misfit of the interstitial, E ; the shear modulus, /( j the burger vector,

b j and the radius of the host atoms, o • An early definition of A ,

by Cottrell, is of the form A- 4,b • o qura et l (20) have shown

that the force factor F is in addition an apparently linear function of

the applied stress. They postulated that the applied stress increases

the length of the unpinned portions of the dislocation by bulging. This

in turn affects the line tension of the dislocation and consequently its

interaction with impurities. Thus I;Y ( /r(DD /RT) P

It was then theorised that during the pro-yield deformation process the

dislocation will also affect the eneru of the interstitials in various

interstitial positions near a dislocation and, as a result, produce pre-

ferred positions into which the interstitials will diffuse and permit the

dislocatLon to propagate.

The mathematical formulation of this theory is presented in Appendix C.

It is shown that a difference in the activation energy of diffusion exists

uhich is directly proportional to the temperature ad the ap1plied stress.

As shown in Squation (C0).

3RT (6)
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This leads to a diffusion coefficient of the form

24 Qo ( (7)

Equation ( 7 ) has considerable consequences and removes the empiricism

introduced by Equation ( 3 ). In the latter equation the coefficient

was shown theoretically to be entirely too small (Appendix B) to account

for experimentally observed stress effects. Also all experimental data

including those presented in this report show that the stress effect on

the activation energy is very temperature insensitive over the observed

range*

It must also be cautioned here that -A is not independent of the inter-

stitials after unlocking has taken place. Interstitials in the slip plane,

e.g., though not participating in the locking process do exert a force on

the dislocation and, thus, influence its motion. Such a consideration

will require a modification of the treatment by Seeger et al (21) who have

expressed the rate of formation of unlocked dislocation bulges by

IT = A " / r (8)

Here, A is Just the frequency of oscillation of a dislocation in the Peierl's

potential well and H the corresponding activation energy. A should be

modified to include the force effect due to interstitials located in the

slip plane in the neighborhood of the dislocation.
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Starting with Equation (4), both the time to yield and the microstrain

rate prior to yield can now be defined.

Equation (4) can be rearranged to read

dN ) c (9)

which can be immediately integrated. Utilizing the approach of the pure

dislocation model which assume that a critical number of dislocations

muat be propagated before macroscopic yield occurs, we can define the

limits of integration by

No:-- WDO t= 0

No= No-N"= tty (the yieldelqr tim)

Integration over these limits yields

NDo -I .- A

or 1 (10)

The relative dependence of the yield delay time on the interstitial diff-

usion mechanism is quite obvious from Equation (10). The following graph

Indicates the relationship, (noting that ";- is inversely proportional

to the tim constant, 1 , of the interstitial jump mechanism).

K6,

*~T Vj(IAX)



With this result the description of the pro-yield microstrain and strain-

rate can nov also be reconciled vith all experimntal data. It is sti•l

maintained that micros train ocours due to the redistribution of inter-

stitial atom into preferred positions. This redistribution is the result

both of the strained lattice and the dislocations attempting to propagate

under the applied stress during proeyeld shear deformation.

The aicrostrain is a function of the misfit or size of the interstitial

atom, the average lattice orientation of the metal under investigation,

and, of aours%, the density of the interstitials. The microstrain rate

can be defined as before (Appendix A) by

vith the modifications for the interstitial-dislocation interactions this

leads to
_ Qo,-.e cr go. _-A,. t

e C r,: r3.0-F'D E) -a. MA A (12)

which, as observed, is constant during the initial portion of a yield

delay szperiment, io.e., when ?y•rt << I . The constant, C , is pri-

marly a function of the distribution of the lattice orientations.

(22 )
It may be noted that Professor Dorn shoved experimentally that the

stress effect on the aativation energy of creep (macroscopic) behaves

In a similar manner, i.e.,, i apparently independent of temperature.

16



Equation ( 12) showe also that if the time becomes large relative

to 7 the strain rate approaches serce

It in noteworthy that during numerous experiments the strain rate indeed

approached sero prior to yield. If the observed miorostrain was Orimarily

due to the propagating dislocations it is difficult to conceive that yield

should have occurred after the propagation or generation of the diilocations

had ceased. On the other hand it is very conceiable that the primary

locking interstitiala in non-preferred positions will become exhausted

or reach an energy equilibrium with those in the preferred position.

While-this will terminate the process of anelastic straining, the dim-

locations will continue to propagate under the applied stress until yield

occurs. The speed of these dislocations will then be controlled by other

imperfections including the effects of interstitials not in locking position

as disc-csed previously.

Of interest for the evaluation of experimental data and the definition

of the interstitials are the activation, energies of both the yield deley

time and the microstrain rate. The format of Zquations (10) and (12)

indicates that a simple expression for the activation energy does not

exist, except under certain conditions when first order approximations

can be introduced. For the general case we may consider effective acti-

vation energies defined by

tf =A - /

A#1?K rr

17



In Appendix I the effective activation energies are oalculated for both

processes. The results are

= X t + I- r(24)

It can be seen that both effective activation energies are temperature

sensitive even if only one type of interstitial participates in the pro-

cess. This temperature sensitivity increases considerably when more than

one type of interstitial, each with its own activation energy of diff-

usion, participates. The effective activation energies for either pro-

cess are then given by

•4~ -- • (16)

whsre the q,'e and w'& are the effective activation energy and weight

factor, respectively, of the i.+k diffusion process. The weight factors

are primarily determined by the relative initial density of all inter-

stitials participating in the dislocation locking process.

18



The generalized expression of Equation (16) and Equations (14) and (15)

indicate that, 1) as the temperature is varied different types of inter-

stitiala will make the primary contribution to the preyield anelastic

deformation process; 2) at any given temperature, the length of the pro-

yield deformation process, ioe., the time to yield determines how many

types of interstitial. may have significant effects.

It is obvious if the activation energies of two or more types of inter-

stitiala are of nearly equal magnitude, they will all contribute simul-

taneously to the anelastic behavior independent of time and temperature.

The temperature dependence of the various activation energies is analogous
( 22)

to the experimental findings of Professor Dorn who has shown that the

activation energies for creep (macroscopic) are very temperature sensitive

until a temperature is reached such that apparently the self diffuston

provides the only controlling mechanism. After that the activation energ

is constant with respect to temperature over the range of observation.

To sumarise the following conclusions have been reached based on theo-

retical conaMeretions and influenced by all experimental results to date

on the proyield anelastic behavior of bcc metals containing traces of

interstitialsi

The time to yield during yield delay experiments is determined by the

capability of looked dislocations to move out of their interstitial atmos-

phere. Consequently, the jump frequency of interetitials out of locking

19



positions into preferred positions has a controlling eaffect on the Yield

delay tins. h is£8 compatible with previous, pure, dislocation models

which define the tins to yield as the time required to propagate a critical

number of dislocations.

Proyield microstrain is a direct result of the interstitial reorientation.

A Snook model does not suffice to describe this reorientation mechanism.

Dislocations, under an applied stress, have a much greater effect on the

activation energy of diffusion than the elastically strained lattice. The

resulting effect on the Jump frequency of the interstitial. is very in-

sensitive to temperature. It has also been shown that the activation

energies are linear functions of the applied stress.

The effective activation energies based either on the yield delay time or

the m icr o strain rate, are both temperature and time dependent. These de-

pendencies become very significant if more than one type of interstitial

is present in the metal under investigation.
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TKNSIIA WVERIMENTS

DISCUSSION

The first objective of the tensile experiments was to establish the pre-

sence and magnitude of yield delay and pro-yield micro creep in tantalum

and columbium in the medium temperature range. The second and more import-

ant objective was to obtain as much insight as possible into the basic

mechanisms and properties controlling the anelastic phenomena in these

two bcc metals.

When designing the experiments, the basic assumption was made that the

pro-yield anolastic deformation follows an Lrrhenius type behavior, i.e.,

all time dependent mechanisms are functions of a characteristic activation

energy. This is, of course, the same assumption which results from the

theoretical background discussion. Therefore, the determination of the

activation energies, as well as their dependence on teperature and on

the applied tensile stress, became a primary goal of this work.

The activation energies of interest are those of the microcreep with stress

applied to the specimen, of the time to yield again with the stress applied,

and of the recovery of any nonelastic strain on removal of the load.

As in ms experimental effort, the influence of uncontrolled parameters

had to be preventede In this case this required identicity of each sot

of specimens with respect to mechanical history, pro-experimental heat
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treatments, and constituents. It also required that any internal stress

introduced during specimen preparation be removed. Because an extensive

parametric a tudy on single crystal tantalum and columbium was economically

unfeasible, it was desirable to use specimens of rather small grain sizes

with random orientation.

It was possible to meet most of thq objectives of the tensile experiments

with the exception of obtaining quantitative results from the yield delay

recovery experiments. The relatively slow speed of the thermal diffusion

process prevented the establishment of a rigorous time scale for the re-

covery in this set of experiments.

KIF•MkINUrAL TEMNIWE

Specimens

The specimens for all tensile experiments were of identical geometry; 0.25

inches in dismeter by 10 inches long. The center six inches were reduced

to a diameter of 0.245 inches. The round configuration was chosen to

minimize the surface to volume ratio. The length of the specimens was

determined from thermal considerations and represents the minimum length

at which the temperature gradient over a two inch gage length is negligible

for all temperature conditions imposed. The reduction of the center portion

of the specimens is only necessary for experiments below room temperature
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and prevents yield and necking outside the gage length. Above room temp-

erature the gage length is at a temperature sufficiently higher than that

of the other portions of the specimen to guarantee initiation of yielding

near the center without reduction of geometry. However, all specimens were

machined to the sane dimensions to obtain identical coldwork.

The chemistry of both the tantalum and columbium was carefully checked,

in the vendors laboratory, prior to delivery and prior to the experiments,

i.e., after the completion of pre-experimental specimen preparation. The

material was electron bean melted and delivered in s tress relieved form.

The following tables give the results of the vendors analysis (Wah Chang

Corporation, Albany, Oregon). Only the mere important interstitial com-

ponents were re-analysed prior to the experimental program.

Tantalum Columbium
ppm (by weight) ppm (by weight)

Al 20 20
B 1 1
Cb 500 Ta 470-h90
Co 20 ND
Cr 20 20
Cu 140 40
Fe 100 100
Hf ND ND
Mg 20 20
S20 20
No 20 20
Ii 20 20
Pb 20 20
Si 100 100
Sn 20 20
Ti 150 150
V 20 20
W 300 65-72
Zn 20 20
Zr 500 500

SFinal original Final
C 730(50)7- 3(0 --W
N 55(100) 35 72-99(85) 26
0 50(85) 105 110-180(150) 50
H ND(4,3) 3.2 2.2-2.3(6.0) 3.0

Data in parenthese represent reanalysis of as delivered specimen material
prior to ezperimnts. 23



ELECTRON BEAM MELTED TANTALUM

a. AS RECEIVED (x 75)

b. LONGITUDINAL c. TRANSVE.

RECRYSTALLIZED - 1 HR AT 12000 C (X 150) Figwe 1
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ELECTRON BEAM MELTED COLUMBIUM

a. AS RECEIVED (x 75)

b. LONGITUDINAL c. TRANSVERSE

RECRYSTALLIZED - 1 HR AT 1200DC (X 150) Figwe 2
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As stated above, both tantalum and oolumb~um wiz received in stress relieved

form for beut mmchineability, On machining to the final geometry the spec-
0

iens were recrystallized at 1200 C for one hour in a dry air environment

at less than J3 micron Hg pressure. The material was slow cooled to prevent

recurrence of internal stresses due to thermal gradients. Figures la

through 2c illustrate the initial and final structure of both materials.

Comparing the photoiicrographs of the final longitudinal and transverse

structures (specimen axis being the reference) it can be seen that the orig-

inal directionality in grain-structure has disappeared.

Equipment

AUl tensile experiments were performed on a high temperature, rapid load

tensile unit designed and developed at General Dynamics/Pomona. The basic

components of this unit are a load dynamometer, templin type grips, an exten-

someter, a hydraulic cylinder, a servo valve, a servo feed badc system, and

a powerstat with step down transformer for the temperature control. All

tensile components are mounted in a loading frame designed for high impulse

loading. This frame can be sealed for operation in an inert atmosphere, in

liquid coolants, or in a vacuum. Figures 3 and 4 show the physical

arrangement of the equipment.

Either the load rate or the strain rate can be controlled. Within the limits

of the performance characteristics, load, strain and temperature histories

can be programed and automatically applied to the specimen.
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The load dynamometer serves to measure the instantaneous load on the speci-

men as well as to provide a servo feedback signal during programmed load

cycles. At present, dynamometers for tvo load ranges are available, 0-3000

lb and 0-15000 lb. The accuracy for each unit is 0.%.

The teeplin type grips were considered very advantageous for this investi-

gation. Due to their ability to distribute the applied loads uniformly

over the gripping area of the specimen, a simple rod (or reed) configuration

provides a satisfactory specimen geometry. There is no need for complex

shapes such as threaded, pinhole or shouldered specimens. This eliminates

the need for excessive cold work ann is also an important factor when work-

ing .with expensive materials, such as pure tantalum and columbium. The

presently available grips can accomodate round specimens of 0.25 inch dia-

meter or flat specimens from 0.020 to 0.125 inches thick.

The extensometer used in this work was specifically designed for this task.

It consists of a light weight structure suspended on knife edges from the

specimen with sufficient pressure (spring loaded) to prevent slippage

problems during rapid load application. Strains are measured with an acc-

uracy of 0.5% over a gage length of 2 inches. 7he extensometer also pro-

vides the feedback signal to the servo system for automatic strain history

control.

The hydraulic cylinder, the servo feedback control system and the servo

valve povide the load inputs which range from effectively step loads to
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several pounds per hour (or slower by manual step control) , The corres-

ponding strain rate inputs range from 0.00001 to greater than 0.01 inch per

inch per second.

The specimens are heated either by immersion in a circulating fluid at low

temperatures or by resistance heating at high temperatures. The specimen

itself represents the heating element. Radiation shielding and grip in-

sulation minimizes temperature gradients in the specimen. Specimen temp-

eratures ahd heating. rates are controlled by the powerstat and stepdown

transformer. The temperature range of the unit is presently -107 0 F

to 60000F. Heating rates up to 1000OF per second can be obtained during

resistance heating.

Temperatures can be maintained within better than 1 F over extended periods

of time. The accuracy of the temperature reading is that of therrocouples

for the appropriate temperature range. The thermocouples are spotwelded

on the specimen and calibrated prior to the experiments.

The data are presented on tkree types of recorders; Sanborn, direct-read-

out C.E.C., and Moseley. The various recordings serve tD countercheck

measuring techniques if anomolous specimen response is observed.

The Sanborn and C.E.C. recorder display load, strain, and, when desirable,

tesaerature as a function of time. The C.B.C. unit, having the fastest

response time serves as the primary recorder of the experimental data

30



which are to be evaluated. The Mosely recorder provides an accurate backup

for stress and strain calibration, and is also very useful in relatively

slow experiments for the determination of the yield point (elastic limit).

Du erimental Procedure

Three types of experiments were performed: constant load rate, yield

delay, and yield delay recovery.

The constant load rate experiments established three characteristics, yield

stress as a function of temperature, yield stress as a function of constant

stress rate, and, consequently, time to yield under various rate conditions.

This set of experiments was primarily of exploratory value. It was est-

ablished earlier with molybdenum( 8 that if a stress is applied as rapidly

as possible and maintained constant, the yield delay time is very nearly

the same as the time to yield in a load rate experiment if the resulting

yield stress is of the same magnitude.

With a minimum of data points it is thus possible to establish for various

temperatures the stress levels at which yield delay times of reasonable

length can be expected.

In this fashion it was determined that, contrary to the original intention

of operating above room temperature only, yield delay experiments had to

be carried out between -20 F and +h00°F in tantalum and -100 F and +150 F

in columbium to obtain meaningful, observable data.
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Figures 7 and 8 show the useful data for tantalum and columbiu re-

spectively, Squivalent stress rates varying from 1 PSI per second to

2.5 x 106 PSI per second were applied.

A typical yield delay experiment is shown in Figure 5 . The stress is

applied as rapidly an possible and then maintained cow tant until yield

occurs. The enzimnm applicable stress rate was a function, not of the

energy reservoir or time response of the hydraulic system,. but of the damp-

ing characteristics of the mechanical system. The ininimm time in which

the final stress could be applied without overshoot was 0.02 seconds.

Though any overshoot damped out quickly due to the feedback signal control,

it produced significant effects both on the yield delay time (considerable

reduction) and the preyield aicrocreep rate (considerable increase). Since

the time resolution of the recorded data is of the order of 0,001 seconds

the time to final load can be accurately accounted for in experiments

where this time in significant in relation to the yield delay tim.e

Yield delay data vere taken in tantalum at -20°F, 730F, 200 F, and 4007F2( 0Fan0 O0F

and in oolmbium at -97F, -20F, 73°F, amd 150OFo At the higheet oper-

ating temperature in each set it was difficult to obtain reliable data.

Only those which showed a reasonable functional dependence on stress are

presented. Figare 9 through 12 show the suarised results of the

various yield delay experiments.

Figure 6 dinootratee a tupical yield delay recovery experiment. Uaoh
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complete oet of such experinents uwa programmed to conusit of the follow-

ing As"epe

1) A stress level was chosen from the yield delay information which was

expected to lead to a reasonably long time to yield (e.g., from Figure 10

it can be seen that the 28,800 PSI used in the sample experiment should

lead to a yield delay tim of approximately 55 seconds at -20 F).

This stress level was applied rapidly and maintained constant for a

preselected period of time less than the yield delay tims.

The stress was removed rapidly and reapplied after a specified re-

covea time. 7his cyle is continued until macroscopic yield was

definitely established.

2) Next, using the ease stress level, the recovery time was varied

with the objective of finding the recovery time which was just sufficient

to provide complete recovery. The degree of recovery revealed itself

by the nusber of eyless, that is total time at load, to which a specimen

could be exposed until macroscopic yield occured.

3) The same procedure was repeated with the sie stress levels and a new

series of recovery times but,, &ring the recovery time•s the specimen
0

temperature was increased above the load cycle temperature (-20 F in

the sample case). From the relative recovery times at two to three

recovery temperatures the activation energ for recovery was to be cal-

culated.
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This technique, though basically sound, had several shortoomings.

Since relatively low stress levels muat be used to allow sufficient time

for observations (1 second was felt to be a minimum) the resulting ane-

lastic microstrain was very small.

More serious, however, proved to be the thermal lag of the specimen

which was quite large. It wa enhanced by the thermal mass of the

gripping mechanism, and, during low temperature experiments' by the

excellent heat transfer to the cooling medium. An a result during

large portions of the recovery time the specimen was not in thermal

equilibrium. Of course, the higher the recovery temperature, the

shorter will be the overall recovery time. Therefore it wa difficult

to establish an exact time-temperature relation during this period.

Without the latter shortcoming it would have been possible to theoretically

predict the approximate recovery times at each temperature level from

the initial experiment. Under the conditions described this was natur-

ally impossible. Therefore, it was also economically unfeasible to

carry out a complete set of experiments on a trial and error basis for

several stress levels and the corresponding load cycle teMperatures.

Zach specific experiment required, of course, the use of a different

Other difficulties, such as the provision of step function load cycling
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and making of strain recovery by thermal expansionwere easily over-

corm thanks to the quality of the exerimental equipment on hand. There-

fore, despite the fact tkat the final objective, determination of acti-

vation energies of the recovery process, could not be obtained, the yield

delay recovery data still yielded som0 informative., though qualitative

results,

RESULTS AND INTZRITATIONS

As stated previously, the constant load (or stress) rate data were not

utilized to investigate the anelastic behavior but served only to establish',

with a ininmi of experimental points, the stress and temperature conditLons

under which observable yield delay coold be expected.

Figures 7 and 8 show the results both for tantalum and oolumlbum. The

straight lines represent the best linear fit of the data poLnts at each

experimental temperature based on a minimum of the RM¶ deviations. The

elastic lItit was in a1l cases identified with the yield point. On con-

parison with Figures 9 and 10 it can be seen that the timesto yield were

in general larger in the load rate test for a given final (or yield) stress

than for Ihe yield delay experiments. This was not in accordance with pro-(8)
vious work with bcc metals , but would, in general, be expected from

theory since the average applied stress during the load rate experiment

is only half that of the yield stress.
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Flyws STRESS RATE DEPENDENCE OF RECRYSTALLIZED COLUMBIUM
(RATE CONSTANT TO YIELD)
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Figum 9 YIELD DELAY IN RECRYSTALLIZED TANTALUM
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Figem 10 YIELD DELAY IN RECRYSTALLIZED COLUMBIUM
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Figure n1 LINEAR MICROSTRAIN RATE IN RECRYSTALLIZED TANTALUM
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FPgu, 12 LINEAR MICROSTRAIN RATE IN RECRYSTALLIZED COLUMBIUM
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Figures 7 and 8 show clearly that yield delay experiments below room

temperature were required to obtain a reasonable coverage both with re-

spect to temperatures and yield delay times. she experimental program which

was originally scheduled to be pekformed entirely above room temperature

was accordingly redirected.

The significant, experimental results of this study are contained in the

strai•rate and yield delay data presented in Figures 9 through 12. Within

the limits of the experimental scatterj these data substantiate the dis-

location - interstitial interaction model developed in the theoretical

background section. Before discussing the implications of these results

the reduction methods should be considered,

The microstrain rates quoted represent the initial, constant rates. This

eliminated the time dependency which would not permit meaningful c omparison

of strain rO'es under the various stress-temperature conditions. Equations

(11) and (A20) predict the constant, initial strain rate which was observed

in all yield delay experiments, except in those where the time to yield

was so short that the constant rate was masked by system damping (see initial

0.05 seconds in Figure 5). Data with the latter characteristics had to be

neglected. This was minimized by adjusting the damiqng characteristics

to the anticipated length of the experiments

The yield point or time to yield was identified, as in Figure 5,, with a
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significant, continuous increase in slope. As our model predicts, the

slope will normally decline after the constancy of the initial micro-

strain rotes rate ceases. This decline was observed prior to yield in many

experiments. In several instances more than one slope was observed prior

to macroscopic yield. Such changes in slope were not identified with the

yield point since they were not continuously increasing. They were apparently

caused by multiple contributors to the yield delay mechanism.

In very short yield delay experiments, compensation was made for the time

to final load in establishing the yield delay time.

Several experimental data points had to be neglected because anamolous

temperature effects ware observed. Th was the case when the highest

rates of loading were applied in experiments of short duration. Under

such loading conditions the taperature of the specimen would increse up
0

to 2 to 3 F. Consequently, during the initial portion of the experinent,

after the load was applied, a reduction in strain was observed which con-

stituted the recovery of the thermal expansion. This reduction in strain

was at first rather mysterious and temperature variations were not suspected

since theory predicts adiabatic cooling during rapid elongation of metal.

However it was then decided to mount thermocouples on the specimens and

record the temperature history. The changes in temperature were clearly

observed and the magnitude of the recorded strain corresponded to the ex-

pected thermal expansion. No attempt was made at this time to interpret
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this phenomenon. The recovery times were, as expected for thermal pro-

ceses, rather large. Since the observed thermal espansion was also of

the same rder of magnitude as the anelastic strain it presented a rather

undesirable masking effect. It may be noted however that in most cameo

the effect became negligible if the loading time was changed from the

mininm of 0.02 seconds to about O004 seconds, This presented in east

cases no serious handicap, Careful inspection of Figure 5 shown the

very slight remaining increase in temperature during loading at the

sloer rate.

On evaluating the data of all yield delay experiments it may f iret be

noted that the stress dependency of the logarithm of both the yield

delay time and the micro strain rate is relatively temperature insen-

sitive, This fbolows the prediction made by Zquation (7) uhich states

that N a=Ca LkTM- -P-(a

and t the corresponding expressions for the yield delay time and the

anelastic strain rate in Equations (10) and (11). To illustrate, the

anticipated variation in the slopes of strain rate versus applied stress

in Figure 11 m be estimated as followse
bl i = I I

S = .-C s " -- =-' C (17)
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or" 65 =: --' &(-F'-)

-2
Assuming an emiqrical value of 1.7 x 10 cal/ml/NPSI (Appendix B) for

in tantalun, it cma be soon that the total change in slope over the tesp-

erature range of primr7 interest (-20P F to 2006 F) is at most 1.16 x: 10"5

or at hoet a few percent of the slope. indicated in Figure 1. The value

of P used in this estimate in probably too large. Theoretical calcu-

lations (see Appendix B) indicate a much lower value in a strained lattice

which bas not reached martensitic phase equilibrium, It is obvious, that

the experimental scatter of the data winU not reveal such small deviations

in a lope.

It is also very doubtful that yield delay experiments can ever be utilised

to better define the value of I . The temperature ranges over which a

single yield delay mechanism in prominent are relatively small and the

bahavior of real materials, particularly polyorystalline metals, will

always lead to a certain amount of acperimental scatter.

A more significant effect is anticipated from the more firmal established

I /1 term in Iquation (17). f.erimental scatter rules out correcting

any one set of data for this term, because the total variation at any one

temperature is more than one order of magnitude smaller due to the limited

stress range. However, considering the average stress levels in each set

(i.e.e each experimental temperature) the average slopes may be corrected.

It can be seen that this to some extent accounts for the apparently con-

sistent inorease in slopes with tempraturoe



Neglecting the teperature effect introduced by the tern I / R- T we

ow calculate the following values for e from Iquation (17) and the

applicable figures.

-1 -1
metal Temperature0 F Tn fdt Avg. Streas#(SI) 8(KSI ) S(KSX

Ta -20 time to yield 4 2.3 .267 .243

Ta 73 tim to yield 30.5 .289 .256

Ta 200 tUe to yield 22.9 .329 .285

Ta -20 Microatrain rate 140.1 .306 .281

Ta 73 Microstrain rate 31.4 .317 .285

Ta 200 Microatrain rate 22.1 .363 .318

Cb -97 time to yield 143.6 .135 .403

Cb -20 time to yield 31.9 .439 .408

Cb 73 tim to yield 28.2 .465 .430

Cb ,5o Uti to yield 23.8 .492 .450

Cb -97 Microatrain rate 40.0 .501 .1472

Cb -20 Nicrostrain rate 31.6 .508 .472

Cb 73 ,icroutrain rate 27.8 .512 .472

Te values of 8 are in reasonAble apreement with 1hose calculated in Appendix

C, considering the uncertainties in the definition of A. Two characteristice

must be noted. Despite the corrections introduced by the average I / a

teara tbere is still a tendency for 0S to increase with teperature. Con-

sideration was givmn to the fact that 8 is inversely proportional to the
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shear modulus. Howvwr, the change in shear modulus is only about one per-

cent over the range of interest and, therefore, not significant in thesi

first order calculations. Consideration should however be given, as in the

evaluation of the effectiw actistion energLes,, that at higher temperatures

different interstitiala we likely to participate in the dislocation - inter-

stitial interaction which controls A .

The second characteristic of interest in the apparently lover values of S

when interpreted from the time to yield information. A difference must be

anticipated from the theoretical model.

Am stated repeatedly, the stain rate data are taken during the initial

portion of the eoperimsnt where they are independent of time. The time

to yield experiment allow no such assumption and from Equations (7) and

(1) it can be seen that b 1

S •-Qt,=- 41+

i , .g-zt Y (18)
boo-

if A/RT as well as any stress dependence In? - is neglected.

A simple solution of Equation (18) for A is not possible, but the

equation indicates whye should be smaller when calculated from Equation

(17) as was done for simplicity in the tabulated data,
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Of particular interest are the activation energies resulting from the data

in Figures 9 though 12. It has already boen established that only eff-

ective activation energies cen be deduced from the ezperimental data.

Equation (16) makee it quite clear that without extwnsiv iteration, sance

Xj M 'A (q), and without precise knowledge of the weight factors, W;

of each participating mechanium,it is not possible to establish the acti-

vation eneru of each mechanism exacty.

Based on the straight line relationships, indicated in each set of data

which were established by the statistical method of the lsst squares, the

following activation energies were detenminedt

Metal Tepeature range Type of data Qeff (cal/mole)

Ta -eo F to73 F ti•e•to yeld 10850

Ta 730 F to 200 F time to yield 142OO

Ta -20° F to 730 F micro strain rate 10550

Ta 730 F to 2000 F micro strain rate 14900
o 0

Ta 200 F to i600 F micro strain rate 16700
o o

Cb -7 F to -20 F time to yield 8625

Gb -20 F to 730 F time to yield 11350

Cb 730 F to 3;° F time to yield 13900

b -97 F to -200 F micro strain rate 9440

Cb -200 F to 730 F micro strain rate 10900
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The activation energies were determined by the & ( ) relation at identical

stress levels, thus eliminating the effects of QrC and t3 C. There

is, of course, the effect of the PC- term which may increase the values

a maximum of 600 cal/mole for the lowest value of Q tantalum, and a maxi-

mum of 700 cal/mole for the lowest value of q columbium. Th•ese estimated

maxima are again based on the conservatively high values of I from em-

pirical martensitic information (Appendix C).

Despite all the uncertainties as to the actual activation energies of the

mechanism or mechanisms producing anelasticity in each temperature range,

the data seem to clearly indicate that:

1) both the time to yield and the preyield microstrain rate are

influenced by identical control mechanisms.

2) interstitial diffusion of hydrogen is a major contributor to the

anelastic behavior, and, as the experimental temperatures increase

contributors with high activation energies are apparently increas-

ingly effective.

The activation energy for hydrogen diffusion in columbium has been fairly
(23)

well established as being 9300 + 600 cal/mol . It is anticipated

that the activation energy of hydrogen diffusion in tantalum is of approxi-

mately the same magnitude due to the similarity of the two metals and the

simile'rity of the activation energies for other interstitials (usually

slightly higher in tantalum - eeg., C and N).

There is a number of other solute elements in tantalum and columbium which

are capable of increasing the effective activation energies with increasing
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temperatures. These may conceivably be boron, silicon, and oxygen in the

temperature range of interest.

Boron activation energies have been measured, with limited reliability,

as 16900 + 6100 cal/mole in tantalum and 14300 + 5400 cal/mole in colum-

(214)
bium. •* ?e chemical analysis of the experimental materials shows that

apparently relatively small amounts of boron are present.

Silicon is a substitutional solutej however,its relatively large misfit

of approximately 18%, should give a tendency to preferrential ordering

in a strained lattice and permit dislocation locking in the positive stress

field of the dislocations. The activation energies for silicon have been

measured, with the same limited degree of reliability as in the case of

boron, as being approximately 11720 cal/role in columbium and 6040 cal/mole

(25)in tantalum . These latter values may probably deviate by several

thousand calories per mole. Considerable quantities of silicon are pre-

sent in the experimental materials.

More reliable data are available for the activation energy of oxygen.
(26)

Several sources report values of approximately 26000 cal/mole in

both metals. Deviations are of the order of several hundred calories

per mole. The latter activation energ is qpite high compared to that of

hydrogen or the measured activation energies. However, the time, temp-

erature and streas dependence of the effective activation energy, as Ahowu

in Bquation ( 16 ), does not preclude the participation of oxygen in the
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anelastic proceses above room temperature. Without stress effects the

relaxation time of oxygen in tantalum and columbium is of the order of 1

second near 4O°0 F.

As indicated earlier the yield delay recovery experiments did not yield

quantitatively ueful data. However the following qualitative observations

may be related.

In all experiments of this type the total time at load prior to macro-

scopic yield exceeded the time to yield in normal yield delay experiments

when identical stresses and temperatures were employed. There was, how-

ever, little consistency with respect to the length of recovery time which

was varied from 5 minutes to 30 minutes.

Although significant recovery of strains could not be observed if the re-

covery took place at the same temperature as applied during the load cycle,

such recovery could be observed if the temperatures were raised some 200°F

during recovery. This indicates, as expected from the theoretical model,

that the relaxation times of the reorientation process are considerably

larger without than with an applied stress. It was possible to obtain com-

plete recovery in some cases which permitted load cycling of the specimens

for mazW hours without yielding. In these cases the equivalent of two load

cycles would have been sufficient to yield the specimens without recovery.
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X-RAY DIFFRACTION MEASUREMENTS OF MICMOSTRAIN

DISCUSSION

The proposed model of anelasticity implies diffusion induced reorientation

of interstitials during the pro-yield deformation (micro-creep) of bcc

refractory metals. If this is the case, one obvious result should be a

change in lattice constant during the yield delay time and a recoverability

of the lattice deformation by removing the applied load. It was felt,

therefore, that x-ray diffraction measurements of lattice constants

under the appropriate load conditions should give rather conclusive proof

whether the pro-yield microstrain is merely the result of a limited number

of di•ldcations propagating along slip planes or whether interstitials are

significantly contributing to the microstraln.

It was realized from the beginning that it is rather ambitious to attempt

a measurement of the interstitial induced lattice deformation. From ex-

perimental data it is known that the externally measured strain during

microcreep was limited to at best a few hundreds micro inches per inch

in the high purity materials under in ustigation. Also, the x-ray diff-

raction information was sensed in a Geiger counter assembly. 7his re-

quires relatively long counting times if sensitivity is not to be sacri-

ficied. Consequently experiments had to be carried out under conditions

producing long yield delay time. As all applicable data or theories in-

dioate, this meant operation at relatively low stres levels. This in turn

requires operation at low armlastic strains (equilibrium distribution of
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interstitials is a function of applied stress - see Appendix A). Fortunately,

the resolution limit of the x-rqV equipment at our disposal was higher than

average and permitted observations with a sensitivity of better than + 0.0001

Angstrom * This corresponds to a microstrain sensitivity limit of the

order of 30 micro inchee/inch.

Another factor that contributes to rather satisfactory results is that

the lattice strains measured by x-ray diffraction are always larger than

the externally measured strains in a corresponding direction if the lattice

deformation represents a major portion of this strain. The external ob-

servations represent an average of the local strains which may vary from zero

in grains whose crystal structure is such that the (1il) plane is parallel

to the direction of the applied tensile or compression stress (no preferred

positions created), to a maximum in those grains where the cube edges of

the unit cell are parallel to the applied stress. The x-ray diffraction

measurements represent those of one set of planes only. For experimental

expediency, i.e., to obtain maximum sensitivity, the plane chosen for x-ray

observation is normally the one which produces maximum deformation, and

maximum intensity from the diffracted radiation.

& verification of the occurrence of lattice deformation during microcreep

has been definitely established from the consistent, repeatable trends of

the observations both during the load and recovery cycle. It cannot be

pretended, however, that the data have the accuracy implied in terms of
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absolute magnitudes. However, the sensitivity is such that relative

changes, which include the recover7 information, are measured with the

precision indicated in the data.

UINAL NIQ

It wan anticipated to use only materials of the same constituency end with

the same heat treatment as those used in the other yield delay experiments.

However, columbium in the available purity did not lend itself very readily

to reliable x-ray diffraction studies, This material showed anelastic micro

strains of the order of 10 to 30 micro inches per inch only on application

of the relatively low stresses required for long delay times (i.e., near

the lower limit at which eventual yield was observed). This is not con-

sistent with the sensitivity limits of the x-ray diffraction technique.

Consequently, after experimental verification of the columbium behavior,

it w•s decided to use molybdenum as an additional experimental material.

This was to aid in the generalization of the observations to bcc metals.

It was known from earlier experiments that in the arc-cast, recrystallized

molybdenum on hand anelastic microstrains up to 4OO micro inches per inch

could be anticipated. Interstitial constituents in this material are,

by weight, 0.013%-C, 0.0007%-O, 0.O0011%-N, and 0.00015-H.

A lorelco Geiger-oounter diffractometer was used for measuring the lattice

spacings, utilizing the 1054050 A radiation of the Cu K-alpha line. Data
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were taken both in the (200) and (23.) planes ihioh are parallel or nearly

parallel to the applied tensile streas direction. Obviously, it was not

practical to measure the lattice defomation in the direction of stress.

Consequently, the obserwed lattice deformations and the externally measured

strain had opposite signs and were compared to one another, in a Macro-

scopic sense, by introducing a transformation factor on the order of Poissones

ratio. It is shown in Appendix D, that this transformation factor for

izteratitial anelastic strains Is always lees than Poisson's ratio. Both

planes used yield relatively high Bragg angles. This yields the greatest

sensitivity in the particular x-ra diffraction unit used for this investi-

gation. Ihe initial set of data, with molybdenum as the sample material,

was taken during the recovery mode only. Specimens were preloaded, as

during yield delay ezperiment, for a period such that no yield occurred.

The material was then unloaded, its remaining strain measured, and mounted

into the x-ray diffractometer. Repeated measurements of lattice constants

and externally observed strain were assumed indicative of the strain re-

covery. This worked reasonably well for molybdenum, even though it was

impossible to obtain very accurate, absolute data. Despite the fact that

various calibration runs were made with original and preloaded specimens,

the accuracy was very much reduced by the lack of repeatability uhen mount-

ing and remounting in specimens in the x-ray unit. While this did not

take away from the recovery information in molybdenum it was a serious

handicap to experiments in tantalum and columbium, where smaller anelastic

strains am observed.
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It was also highly desirable to observe the microatrain during the load

as well as the recovery cycle. Therefore, a hydraulically controlled load

unit was built which permitted the observation of lattice deformation wile

under load, (Figure 13 ). The unit requires the use of flat specimens

whose dimensions need approximately be: 2.4 inches long, by .45 inches

wide, by .05 inches thick. Suitable specimens were obtained from the

same melt, with the same heat treatment, am- the same (twice verified)

constituency, as the tensile specimens used in the other experiments dis-

cussed in this report. Lattice constants were then measured prior to

loading, during loading, and after unloading without having to change the

position of the specimen.

As will be discussed later, recovery times are very much longer than the

relaxation times of strain when under load. It was therefore necessary

to build a heater for the specimens which wae applied to the specimens

between recovery measurements for controlled periods of time. The temp-

erature was measured by a thermocouple qpunted with a strain gage, on

the flat side of the specimen, opposite the side under observation. The

strain gage measured the macroscopic strain, the anelastic strair, and

served to prevent thermal expansion from yielding erroneous information.

RESULTS AND INTERPTATION

The following tables sumarise the results of various x-ray dtffraotometer

experiments. Special conditions are either listed vith each set of data or

elaborated in the follow-on discussion of the results.
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As stated previously, it is not realistic to evaluate quantitatively

the absolute values presented in the data. It mq be noted, howverr,

that in all three sets of data the lattice strain information in quite

consistent, in particular that obtained when the specimens were mounted

in the load unit throughout the experiment. The gage measurements are

apparently not quite as reliable. In these experimente SR-4 gages were

used which are never quite satisfactory for cyclic loading or for inter-

mittent measurements such as were necessary in Set #1. 7his is the reason

that an induction tope transducer is used for all other experinents. The

use of such a device was not practical for the x-ray study.

Despite the rather unsatisfactory technique used to obtain the data in

Set #1, the relative values are consistent with the anticipated trends.

One of the reasons why the recovered lattice strains should be larger

than the microstrain measured by strain gage during yield delay was

discussed previously (single orientation versus average from random orien-

tations). In all experiments but No. 5 complete recovery of the anelastic

lattice strain was apparently achieved during the recovery period. That

this lattice strain represents at least a very significant portion of the

grose microstrain is obvious despite the uncertainty in the absolute

value".

To recover the lattice strain in a reasonable time, heating was necessary.

This could be anticipated. From previous experiments , it was eat-

ablished that the activation energy of the interstitial diffussion ofC in
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molybdenum with stresses of the order of 55000 psi applied was about 2/3

that without stress* The relaxation time, being an exponential function

of the activation energy (Qc appx. 25000 ca3l/, 0 e), becomes quite large

when no stress is applied. Raising the temperature from 293° K to about

393 K will compensate for the effect of change in activation energy and

produce observable recovery in a reasonable time.

In Set No. 2, the consistency of the initial and final lattice constant

data rovides a certain level of confidence in the improved technique used

here and the resulting measurements of lattice strains. It appears again

that more recovery was obtained than either of the strain measurements in-

dicates. Apparently the delay. necessitated to allow for a sufficiently

large number of counts during each measurement affected the measurement

to the extent that only partial recovery of the lattice strain was ob-

served, (for example, experiments No. 8 and 9), The final value of the

lattice constant implies that most of the anelastic lattice strain was

recovered in each case. Only In experiments 8 and 10 was heat applied

during the recovery. Again, this is consistent with the theory inasnmch

as in tantalum and columbium the activation energies for the mechanism

controlling micro creep, reduced to sero stress, is much lower than in

molybdenum. Application of heat was probably not necessary in experiment

No. 9. This experiment represented a rerun of No. 8 where the lattice

strain recovery observed was relatively nalil. It rs hoped that with

temperature the recovery would be more complete. As stated above this
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was more than likely caused by observation of the recovery during a limited

time span rather than by incomplete recovery.

7he absolute values of the lattice constants in Experiment No. 10 seem

somewhat doubtful and are not in agreement with other, accepted data

(about 1.57A).

Of some interest are the results of experiment No. 15. This specimen yielded

during the experiment, and as can be seen complete recovery of the lattice

strain ocmrred , while the gage strain indicated permanent plastic deformation.

his is apparently incompatible with the theory that microstrain prior to

yield is caused exclusively by dislocations. However, additional and more

carefully controlled experiments will be required to fully justify this

argument.

In eummarising it may be stated, despite the sensitivity limited technique

afforded by x-ray diffractrometry, there is sufficient consistency in the

results to state that microcreep during yield delay is accompanied by

lattice strain such as would be expected if interstitial reorientation

takes place. The magnitude of this lattice strain is such that it can

account for all or at least a large portion of the micro strain observed

externally by gage measurements. As is required by the interstitial diff-

usion model of pre-yield anelasticity, the lattice strain is, at least to

a large degree, recoverable. Apparently, the recovery time is large

64~



compared to the relaxation time of the pro-yield microcreep. This is

apparently caused by the reduction of activation energy in the latter

case due to the applied stress.



INTERNAL FRICTION STUDIES

DISCUSSION

In anticipation of significant contribution to the anelasticity of tan-

talum and columbiu, by interatitials such as oxygen, carbon and nitrogen

it was thought desirable to determine the activation energies for diffusion

(or relaxation times) of these constituents by internal friction techniques.

There are well established data available on the internal friction peaks
(26 , 27)

in question . However, with the necessary facility readily avail-

able it was considered wrthwhile to spot check the particular materials

on hand for interaction effects and any other anomalies uhich could possibly

result in an erroneous interpretation of the anelastic data from other

exp erimentWs

As was later established, the interstitials listed above produced only

very minor contributions to the preyield anelastic behavior of the metals

under investigation. The primary contribution apparently resulted from

hydrogen diffusion and hydrogen dislocation interaction. Due to the low

activation energies for these processes, the internal friction peaks can

only be observed at relatively low temperatures (or very high frequencies).

The apparatus on hand was primarily designed for high temperature operation

and, therefore, is not applicable below room temperature. Also a high

frequency limit is inherent in this device which is controlled by the
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stiffness of the ocparimental material. Thus it was not feasible to study

the internal friction peak of hydrogen and hydrogen-diulocation inter-

action. This makes the results described below somewhat academic for the

present phase of the contract but still useful as reference information

for future, high temperature studies,

KIUhllifrAL TBHNQ

The internal friction of both tantalum and columbium was determined by

measuring the decay time of a vibrating reed. The reed is electro stat-

ically excited to its resonance frequency, the driving force removed, and

the amplitude decay recorded on a direct write, logarithmic time base

recorder. Signal pickup is also obtained electrostatically, the specimen

representing one electrode of an air gap capacitor.

The reed specimen, operating in a flied-free mode is suspended vertically

to prevent nonsymmetrical gravity effects. A tabe furnace surrounds the

specimen mount, the driving mechanism, and the pickup. In this arrange-

ment the aysteu is as nearly as possible in thermal equilibrium. 7he

whole system is then intersed in a vacuum which prevents specimen oxy-

dation as well as air damping effects.

Specimen temperature is controlled by a thermocouple zmar the specimen

rather than on the specimen to eliminate another possible error in the
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decay measurements due to external damping. This thermocouple was eareful]

calibrated against thermocouples mounted in three positions on a calibration

specimem.

The specimen material wys identical to that used in the other experiments,

i.e., it came from the some melt and undervent identical heat treatment.

The nominal dimensions of the specimens were .40 inches wide by .05 inches

thick by 7 inches in length. However, the apparatus is constructed so as

to permit a variation of the effective length of the reed specimen prior

to each experiment, This in turn provides the control over the desired

resonance frequency of each specizmen. The actual resonance frequency is

monitored during experiments by an appropriate frequency meter.

The logarithmic time base recorder has the advantage that the decay is

displayed over several decades (up to 25 db), thus increasing the accuracy

of the observations. Any forced rather than natural frequency which my

have been imposed on the specimen dampens out quickly and, with the avail-

able recording technique, sufficient data are availa ble to permit the

measurement of the decay at the natural frequency.

The linear data display which results from the logarithmic time base of

the recorder is a great aid in the data reduction.
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Ifforte to utiliso inert gases to prevent ozdation were di•carded due to

dmping effects even at relatively low pressures and the low sparking

potential of most inert gases.

The performnce limitations of the apparatus, as it was crigimally dev-

eloped, are the upper temperature limit wtdich is somewhat higher than
0

1000° C and the lower temperature limit which is room temperature. No

provisions are made for cooling.

The upper limit is set by the original vacuum system which cannot prevent

oxidation of columbium and tantalum at higher temperatures and the thermal

expansion of the system, which though considered in the design, causes

problem in maintaining control over the small gap between the specimen

and the driving and pickup electrodes. A careful balance must be maintained

between these two gaps to obtain the necessary driving force, sufficient

pickup and a specimen amplitude small enough to prevent sparking or short

circuiting during vibration. The driving voltage is in the neighborhood

of 1000 volt.

The frequency limitation of the system is primarily determined by the

stiffness of the specimen material. The frequency or uave length is a

function of the length of the specimenj the higher the frequency desired
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the shorter ust be the specimen. Without reduction "n specimen width and

thickness, the stiffness increases rapidly as the specimen is shortened

and soon reaches the point where the electrostatic driving force is in-

sufficient to produce measurable amplitudes. Mechanical impulse excitation

was considered but not introduced because it would reduce the control over

the vibration amplitude. This could have a severe effect on the decq

measurements.

For future work, such as discussed in the lost section of this report, a

modified internal friction unit has been designed and is presently nearing

completion.

RESULTS AND INMTPRETATION

Figures 14 through 17 show internal friction versus the inverse of temp-

eraters for pure, recrystall3sod tantalum and columbLum. The frequencies

noted on these figures correspond to those at which the major internal

friction peaks occur. The frequencies, being the resonance frequency of

the specimens, varied slightly with temperature (due to a change in elastic

modulus). For example the resonance frequency for the data shown in

Figure 14 varied from 68 cpe at room temperature to 66 cps at 600° F.

1heae are a number of techniques for determining the activation energy

of a process from internal friction data. Ihe one chosen here is that of
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Figur 14 INTERNAL FRICTION IN RECRYSTALLIZED TANTALUM
(NOMINAL RESONANCE FREQUENCY 67CPS)
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Figure 15 INTERNAL FRICTION IN RECRYSTALLIZED TANTALUM
tNOMINAL RESONANCE FREQUENCY 36CPS)
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Figwo 16 INTERNAL FRICTION IN RECRYSTALLIZED COLUMBIUM
(NOMINAL RESONANCE FREQUENCY 250CPS)
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Figure 17 INTERNAL. FRICTION IN RECRYSTALLIZED COLUMBIUM
(NOMINAL RESONANCE FREQUENCY 66CPS)
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Wt and 28), which in baaed on the equation

Gt RT 9-. r' + A
U (19)

In this equation Ir is the atomic frequency and - the frequency at which

maximum damping occurs in an experiment where the temperature is held con-

stant and the frequency varied.

In our experimental approach, the frequency is held relatively constant

and the temperature is varied. Therefore -r is replaced in Equation (19)

by Tm , the absolute temperature at which maximum damping occurs.

The greatest error is introduced by the uncertainty in the entropy. How-

ever this error is relatively samll. The term To5 is usually less than

10% of the value of G and 4, can be calculated to a fair degree of

accuracy from

l /b o A__A oelastic mod. at temp. T

Z)p (A•:-Lelastic mod. at ref. temp. TO)

Obviously some iteration is required to minimase any errors.

Equation (19) is also relatively insensitive to the location of TW.rv

The experimental accuracy used in this work, which was only considered a

spotcheck approach, was sufficient to reduce possible errors to within a

few hundred calories per mole.
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A more Wrocise relation for the evaluation of internal friction data was
(29)

derived by Zener and is of the form

=e (/T) (20)

Here the atmic frequency and the entropy do not enter into the evaluation.

However, this equation in so sensitive to the location of Th-, that -with

normal experimental procedures and consequent experimental errors, the

reliability is not better than that obtained with Equation (19).

The following tables give the results of the internal friction measure-

ments. The data were taken for two frequencies. This is not required by

Equation (19) but serves to increase the reliability of the results.

The atomic frequencies were calculated from rate theory for each temper-

ature. The latest available data on the change of dynamic elastic

modulus of tantalum and columbium were used to calculate the entropy.

TANTALUM

4•(cps) 4• •in') v(idJcCP) ( ) Q A- Probable Source

1 67 2.13 .98 3.47 25742 oxygen
2 36 2.15 .97 3.147 26100J

COLUMBIUM

1 66 1.93 1.06 3.16 28400" oxygen
2 250 1.75 1.19 3.16 29900)

3 66 1.49 1.39 4.20 377001 carbon and
4 250 1.4o 1.48 4.1o 38400D nitrogen
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If it can be assumed that the entropy values are accurate to within + 1

cal/nole/'K a deviat.on of approximately + 500 cal/mole results in the

apparent activation energy of 0 in -r. and Cb j and a deviation of

approximately + 700 in the apparent activation energy of C and W in Ob.

Mhe maximm experimental error due to locating T", results in a deviation

of + 300 cal/mole for the case of 0 in Cbat 66 cps.

The identification of the activation energies is based on the data by
(27 )

Powers and Doyle . The tantalum data agree quite well with those of

Powers and Doyle. However, those for colubium are approximately 10%

higher for both peaks observed. No theoretical or experimental explanation

is readily available for this discrepancy.

It may also be noted that in Figure 14 the internal friction rises

sharply again to the left of the apparent olygen peak. Ihis is to be

expected inasmuch as the peak for N inTo. should occur at about 1.6

-3 o-1
x 10 (OK) for an anticipated activation energy of approximately

(27)
37,500 cal/mole
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HION TWUERATU S1TUDIES

DISCUSSION

he work discussed in thi section in of wry preliminary nature. It

represents the initial, exploratory phase of a progrm whose objeotive

it in to establish the presence and causes for anesasticity in tantalum

and coldmbium in a temperature range extending up to 30000 F. Though

this program as such represents an extension of the work discussed in

the previous section it in anticipated that entirely different mechanism

control the welasticity in the high tempvrature region.

At this early date it appears not vez7 useful to discuss phenomena resulting

from anelasticity such as yield delay and, poesibly, upper yield points.

It is more appropriate to limit the considerations to anelasticity itself

as defined basically by a phase difference between the stress and strain

history of a material. It is for this reason that the initial emphasis

of the experimestal work vwil be on internal friction which in as powerful

a tool for identifying anslasticity mechanisms as is spectroscopy in other

fields of scietme. Careful internal friction measurments can reveal not

only the contributors to the mechanism but also the mamer in vhich they

contribute*

To amplify on the statement that contributors other than interstitial. are

necessary to cause anelasticity at high teaperature* it nay be helpful to
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consider a typical example. The relaxation time of the diffusion process

of nitrogen in tantalum ( 0 z 38000 cal/mole) varies from approximately

1014 seconds at room temperature to 1 second near 4000 F and 10"4 seconds

near 1000 F. The relaxation times of hydrogen in tantalum, which appear to

have such a significant effect on the rnelasticity of tantalum near room

temperature are orders of magnitude smaller than those of nitrogen. Ob-

viously, at very high temperatures such interstitial contributions can

barely be observed.

At these higher temp eratures we can however suspect that mechanisms such

as grain boundary viscosit, which appears very generally to have acti-

vation energies equivalent to those of self diffusion (of the order of 100,000

cal/moie in most bcc metals),and probably preferrential diffusion of sub-

stitutional solute atom of significant geometrical and electrical misfit,

or pairs thereof, will have a marked effect on the anelasticity. Without

referring to specific experimental values it can be said that the relaxation

times of these latter mechanisms are from three to ten orders of magnitude

larger than those of interstitial diffusion. Tis is nicely demonstrated

in the illustrative relaxation spectrum presented by Zener. ( 29)

Of particular interest is the contribution made by grain boundaries. It

ima therefore decided to make this the first parameter of the high temp-

erature relaxation spectrum anleysis. At the high temperatures which are

contemplated for the experimntal program it my well be that signifioant

79



charges in grain sise occur cbring the experimentation due to seconlary

gain growth (above the recrystallieation temperature). It is hoped that

this will lead to additional interesting results. These my be of con-

siderable practical value since vezy high teaperature application is, to

say the least, not uncoamon for refractory metals.

To supplement or complement the internal friction data, simultaneous dynamic

modulus measurements will be made.

Although the emphasis in the initial phases of the work will be on the

relaxation spectrum as determined by internal frictLon, work has also

started on the strain rate sensitivity of the materials under investigation

with gralniie and temperature being the experimental parameters. As in

the case of the medium temperature studies this will permit an early ex-

ploration of teaperature ranges where such phenomena as yield delay can be

reasonably expected to be observed. It is again anticipated that the time

to yield under various strain rate conditions is at least indicative of the

yield delay time that may be expected if a stress, equivalent to the yield

stress for a particular strain rate, is applied very rapidly and aaintained

constant*

Me strain rate expariments will also yield *Amin Ite coefficients as a

function of temperature and grainsise. These atain rte coefficients, much

like internal friction data, will provide additional inforamtion on apparent

relaxation peakos
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During Ibe initial portion of the high temperature stu(4 the tensile and

interaal friction equipment was redesigned and modified as required for high

temperature work with pure refractory metals.

The tensile unit as described in a previous section has all provisions

for high temperature operation. However in this specialized research

effort it was mandatory that any oxidation of the specimens be prevented.

TI this end the test chamber was redesigned to permit high vacuum operation.

In additionp the test chamber was provided with the necessary components

to permit purging with inert gases. A new set of templin type grips was

also manufactured for holding 1/4 inch diameter specimens at temperatures
.0

up to 3000 F.

A mre thorough redesign was necessary on the internal friction unit which

was originally built for operation at a maximum temperature .of wpproximateby
0

1000 C. The basic mode of excitation and detection remained the name as

described eariier. However all components exposed to the high temperature

environment as well as ihe heater and heat shields were replaced by colum-

bium parts and the general configuration simplified to permit high vacuum

sealing of all components in an all metal vacuum enclosure. This unit Is

now being assesblud,

As pointed out in the discuassion, greinsise was ch•sen as a primary s-

perimeal paramater. hFr this purpose a oareful study was carried out

81



to establish a repeatable specimen preparation technique which did not

suffer from introducing uncontrollable factors due to differences in heat

treatment.

The material used f or this study was the sawe as that used in the medium

temperature work. The resulting techniques, after an unsuccessful try

to establish a more economical approach, consisted of prestraining recry-

stallised specimens, both tantalum and columbium, to various percents of

elongation, and subsequently, recrystallizing all specimens at the same

temperature and for equal lengths of time. Figures 18a through 18d in-

dicate the final grainsises chosen for preliminary experiments. The spec-

imens with larger grainsize were strained 15% prior to final recrystallization
0

at 1300 C. In Uleu of the availabllity of the high temperature internal

friction unit, strain rate experiments were carried out with a limated

nuaber of available specimens. Strainrates of .005 inches/second and

.00004 inches per second were utilised. The temperatures ranged from 5 0 Fo

to 2900 F at 200 F intervals.

It was established that oxidation problem could be prevented with the

system on hand up to the hiAest temperature. It was also definitely

established that the strain rate sensitivity was very sensitive to grainsise

over various portions of temperature range. For example, in the case of

tantalum, the material with the larger grainsise was considerably more strain

rate sensitive in the region from 1500 F to 1900 F and above 2600 F, than
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vas the material with the smaller grainsib.. This tremn was reversed near

5000 F and near 2500 F. It is premature to present and evaluate these

preliminary data in this technical report. The data have not as yet been

verified an to their repeatability and are taken with experimntal specimns

which will not necessarily be identical to those being procured for the

estire high termperature study. It in, however, intended to present the

preliminary data in a forthcoming informal progerm report (General Dynamics/

Pmona .M-349-U92).
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FIgw 1s TANTALUAM- RECRYSTALLIZED AFTER 75% COLD REDUCTION

a. RECRYSTALLIZED ONLY (x 150) b. 15% STRAIN & RECRYSTALLIZED (x 150)

COLUMBIUM- RECRYSTALLIZED AFTER 75 % COLD REDUCTION

c. RECRYSTALLIZED ONLY (x 150) d. 15% STRAIN & RECRYSTALLIZED (x 150)
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SUMARY & CONCLUSIONS

The shortcomings of theoretical models describing yield delay of body

centered cubic metals purely on the basis of dislocation motion or purely

on the basis of interstitial reorientation have been overcome by intro-

ducing the interstitial - dislocation interaction when a stress is applied.

The proposed theoretical model indicates that preyield microstrain is caused

by interstitial reorientation during yield delay and that the time to yield

is controlled by the ability of individual dislocation segments to leave

their locking atmosphere. The latter mechanism, dislocation unpinning,

is also aontrolled by the reorientation of interstitial8 into preferred

positions. Consequently a similarity of activation energies for both

processes is anticipated. The validity of the proposed theoretical model

was primarily supported by the experimental results of mechanical yield

delay experiments and by x-ray diffraction measurements of the crystal

lattice behavior under load, prior to yield, and during recovery.

The yield delay experiments established that the effective activation

energies measured from microstrain rate data and from time to yield data

are approximately the same. The values range from approximately 8500 cal/

mole to 14000 cal/mole between -97 F and 200 F, i.e., the range over which

the moast reliable data were obtained. This strongly indicates that hydrogen

reorientation makes a major contribution to the yield delay mechanism.

The variation in activation energies with temperature is explained in
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terms of an effective activation energy resultinF from multiple contri-

butors to the anelastic behavior of bcc metals.

The stress dependence of the microstrain rate as well as of the time to

yield was established theoretically as well as experimentally to be re-

latively temperature insensitive. This is in contrast to the theories

which imply a significant reduction in activation energies by an activation

volume concept, which can be expressed in terms of the exponential t
RP,

While the proposed model does not dispute the presence of a so-celled

activation volume term, it indicates its relative insignificance for the

conditions investigated. A stress function of the form d-A is

introduced which is temperature independent, except for the fact that

different stress ranges are by necessity employed in yield delay experi-

ments at different temperatures and that 16 , similarly to the effective

activation energies, is expected to vary with temperature due to contri-

butions by different solutes.

It is shown that both the temperature variation of the activation energies

and the temperature independence of the stress function have their analogy

in macroscopic creep as was pointed out by the excellent results and accom-

panying mrvey by Professor Dorn( 22)

The x-ray diffraction measurements shoved quite clearly that reorientation

of Interstitiala does take place during yield delq. Anelastic lattice

deformations, following initial, elastic lattice strain, could te observed
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and their full recovery established. It must be presumed that only inter-

stitials can cause such anelastio lattice deformation. Slip of dislocation

in isolated slip planes and even pile-ups ocuwing prior to yield cannot

introduce a general, uniform lattice deformation; nor are dislocations,

once formed likely to disappear and, thus, cause recovery of the lattice

strain.

eochanical yield delay recovery experiments yielded only qualitative in-

formation which indicated also that recovery of the yield delay mechanisms

does take place but at considerab.y longer relaxation times. This is in

agreemnt with the theoretical model which indicates the strong effects

of an applied stress and is also in agreement with the x-ray diffraction

measurements. Recowey information from the latter measurements is also

only qualitative.

Internal friction measurements, though yielding satisfactory results with

respect to agreement with other accepted alues, did not contribute to

the interpretatlon of the anelastic behavior of tantalum and columbium

in the temperature ranges investigated in this phase of the contract.

It was initially anticipated that oxygen, carbon and nitrogen would pri-

marily contribute to the anelastic behavior as it did in other boe metals.

However it soon became apparent that hydrogen was the controlling inter-

stitial. Due to the low activation energies of hydrogen diffusion, low

temperature internal friction work vould have been required. The avail-

able unit was not capable of this. The data obtained illU be valuable for a
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future phase of th" 3 antract.

This phase, a stui4 of high temperature anelasticity of tantalum and colum-

biu% was initiated with modification of equipment for operation up to 3000°i

in a protectiw environment and with the development of sample preparation

techniques for controlling grainsizes. Initial tensile experiments were

performed on available specimens. These exploratory data are not pre-

sented in this report. Though interesting, they are as yet not reliably

verified due to extremely limited sampling.
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APPL'IDIX A

PRZ-YIME STRAIN AND STRESS INDUCED DIFFUSION IN BCC MTALS

Inp

P

q PF

w P0

'1 P O •P

Ix

Ixt

bcc STRUCTURE

The pro-yield strain, et , of a metal for a given load history, a-= (t) ,

may consist of a purely elastic term plus a diffusion induced strain, SC

at the time t * This can be expressed a

""4m (Al)
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The unrelaxed modulus, ELL , is used here because it corresponds to

the modulus observed when the strain rate in too high for significant

diffusion to take place before yield is initiated. EL is therefore

indicative of the purely elastic strength of the metal under consideration.

8cL should be proportional to

t

0

(A2)

where y, is the radius of the interetitial atom. i• s the number

of interstitial atoms entering the preferred lattice positions per unit

time.

From the theory of diffusion in solids, it is expected that diffusion of

interstitial atom is governed by Fick's laws, with the proper modifications

for random walk phenomena.

By Fick's first law, the flow J of atoms per unit area normal to the

flow and per unit time is given by

a n

(A3)
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where 0 is the diffusion coefficient and a/ex tbo con-

centration gradient. Also, Fick's second law introduces the time rate

of change from

a_ Y) = ) afrn

at I

For random walk in one direction, (say the x-direction) Dxis given by

!Ld 2  where I is the distance between neighboring interstitial

positions and F the mean frequency of jumping in the x-direction.

In the unstressed bcc lattice there is equal probability for an inter-

stitial to jump forward or backward in any one direction. From the figure,

it may also be seen that one third of the interstitial atoms may jump in

the x and y direction, one-third in the x and z direction, and one-third

in the y and z direction. From these two observations, the average jump

frequency can be expressed as

Since

Thus

=e ro ( r0  (a - lattice constant)

Now in the unstrained lattice
(A5)
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The frequency Q, with which an interotitial will jump into a neigh-

boring position depends on the number of attemptea jumps and the height

of the barrier it has to overcome. This is illustrated in the final
(30)

expression for the unidirectional diffusion coefficient

(A6)

where

V frequency of atomic vibration

- activation energy for interstitial diffusion

R gas constant

*- absolute temperature

A5 change in entropy

A good estimate of is given by w(eQ/a 5 , where a is the

mass of the interstitial atom. Also, to apprcoimately evaluate the

relationnS=-Q.8(/&/.)aTm=y be used, where Gr. is the shear

modulus at the reference temperature To • itself can be eval-

uated experizmntally to a fair degree of accuracy.

The concentration of interstitial atoms in a11 positions will vary with

time. During a sufficiently small interval of time, &-t , the concen-

tration of interstitial atomn, i , will always be large compared with
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the fraction, Ani . leaving the respective positions, so that in the

limit we may set dn =--X.I dtgAbeing a proportionality or decay con-

stant. 'Tus, at any time, t ,

n- •n
i=no i t(A7)

We then find from Fick's second law

6h no z- tix
- -A
Ox ix

* 0

- I 0 (A8)

where c again is the distance between neighboring interstitial positions.

Than

/ t=0

(A9)

The assumption is now made that all nearest neighbor positions surrounding

the interstitials are empty. This is reasonable for the usually low con-

centration of interstitials. T"hen the initial concentration gradient is

simply (-h /C ). This results in a decay constant, defined by

4--: -- ni : -D ~

(Aio)
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It must be noted that X applies to unidirectional jump probabilities

onr]. For the three dimensional case x = -4 r in the unstrained

lattice since there are four neighboring positions for each interstitial(31).

The application of a stress, or better, the resulting lattice deformtion,

will create preferred end nonpreferred interstitial positions by a change

in the local lattice energy. With respect to the diffusion equation this

is accounted for by a variation in the activation energy. Normally, this

change in considered proportional to the applied stress. We may then

correct the activation energ for diffusion into the preferred position

- - , and, arbitrarily, for the reversed direction

Considering the unit cell positions of interstitials in the strained bcc

lattice, as shown in the figure below, we can treat the random walk pro-

case in terms of two unidirectional jump frequencies, one for atone

leaving the preferred positions and one for those entering.

n n'nn

//

PAf

Of the three basic positions one is preferred and all neighboring positions

are nonpreferred. Two positions are nonpreferred, i.e. each contains one

half of the interetitiatl in the nonpreferred positions, and only one half
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of the attempts to leave are in the direction of a preferred neighboring

position. This can be described as

Ir -- rP -LIiP r

COnasequently for unidirectional ju•p processes

r JW ro . /•"

Dn-" P 4 r2rin" P =FO" (A12)

-Using the ame notation as for the unstrained case, we note

Now, to determine the net rate of interstitials jumping from the non-

preferred into the preferred positions the following set of inear diff-

erential equations must be solved:

* f
P -'. r) =--A -,. n + ;p-



This set has a solution

-n =C- , - (-A, AP)t (A14)

where

From the initial conditions

"AP= -?P o Xn hho (t=o)

7)p= hpo (t=o)

we find

-A h (A15)

and

Equations (A15) and (A16) show the following expected features. The con-

centration of interstitials in the preferred position and therefore the

anelastic strain reaches a finite or equilibrium value. Likewise, the

strain rate approaches zero with time. In yield delay experiments this

is not necessarily observed since the time to yield is relatively small.

From Equations (AIO), (AUl) and (A16) we can write
•,p in = ,o -t ,. -L a, r ,-+A/R •-x •t

=p n • [[r r o'-2 /I•_••''Rr']• ••X,

since hi nrh(AM
96(A?)



If the conditions IS L.and >0a)RT holds we can utilize the appro~xi-

mation

(Ai0d)

since is then also much larger than A p

Consequently the inelastic strain rate is given by

(A19)

During yield delay experiments the exponent ýkh,-t" is initially vry

small and, as expected, a constant strain rate is 'observed during a portion

of týe experiment. It must be carefully considered in the data reduction

that this is not true during the whole experiment unless the time to yield

is small.

Thus, for the "initial" or linear portion of the strain rate we can utilize

the folloving relations for data reduction.

E= A-(CR--QC/RT) (0- constant) (A20)

(.T cowtant) (A21)
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Also, Equation (A15) can be approximated by

"nIP = li -- 'rlno n t

--L -9-Xht -......- ~ a
(A22)

or 0h1"
ri = +-F-. ~

P EL'

Thus 4

which is the sawe result as (A18) for =mall value of 7ý.

Finally, Equation (Al) for arbitrary application of the load can be

writtent

cr• K Ar mn e. PcLt

(A23)

provided the conditions .kcr ZIRT and L ' .Q/ are applicable.

Otnruie, Squation (A3S) or (A16) must be introduced in (Al).
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APTMUX B

SMAIN OR SMhIS INDUCED CHANal IN THE ACTIVATION DIUGY OF INIUSTITIAL
DIFFUSION

The effect of strain on the jump frequency for diffusion has been shown

by Girifaloo and Grimes ( 32 ) to be represented by the following expressions

r~~)= WT e~ (Bi)

where ,. (n~>_j < J,,o>-<>O
ro a jump frequency in absence of applied stress,

a= Boltazma'I constant T - absolute temperature, , = strain
tensor

and •r is the potential energy of the system with the diffusing atom at

its activated position and PA refers to the normal configuration. In

order to obtain the statistical averages the potential energy is expanded

in normal coordinates.

Ja

where ( (0) is the potential energ when all the atom are at their man

positions for a particular strain, and W 3  and O represent nabaral

frequencies and normal coordinates reepective!y. Now

(p (o + d(B2)

2em•o= •+o)+ "
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It in at this point tnat we deviate from the derivation of Girifalco and

Grimes. 1he teor, )_ (o)ý , is not equal to sero since there is

an interaction of the particles of solute with the solvent, Otherwise there

would be no lattice deforution associated with the presence of interstitials.

Fastoav 33) represents this interaction energy in a normal position as

From this expression one can see that •------- _- (-, & &

where �, iAs the number of solute atom in the A, position. In our

ease we can set Cx,= I . Thus for the change in potential energy with

strain we obtain

y___i 2 (B. )

for an interstitial in the X position in term of a modified rune"asn

parameter rZ= - J. -

Substituting this expression into the ecuation for the statistical average

We obtain

S X100 ,



6

and RQ, represent stres induoed ordering parameters. Thus for

the aoSe of simple elastic tension Wv obtain for a preferred position

r ~ i

ibere Vr is Poisson's ratio, and, for a non-preferred position

24p1(I-r) (B7)

The strew induced entropy of activation can be obtained from the relation

-- A T-•-• ,here Z, and A. are the partition

functions of the activated and normal configuration. Thus

TL'T

or

It is seen that the effect of strain on the lattice frequencies near a

defect is also reflected in an entropy change. From the reciprocal t emp-

erature dependence of the interstitial relaxation strength observed in
(27)

the Group V transition metals, one can conclude that the stress in-

duced ordering parameter for interstitial diffusion is relatively temp-

erature independent.
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It is of interest to make a theoretical calculation of the activation

energy and ordering parmeter, .A, for an interstitial impurity in a

typical boo metal.

Although a theoretical calculation of the activation energy by a continuum

elasticity theory (34) gives fair agreement with experiment, the inter-

nal consistency of the large deformation correction is questionable. This

calculation entirely neglects cheinical valence effects. Actually the

energy of activation is not just, due to elastic strain, there is a non-

elastic deformation. We will use a repulsive potential as Huntington did

(35 )
for fcc crystals. We will also include electrostatic interactions

determined from a Thomas-Fermi model which considers the effect of electron

redistribution on long range interactions.

Repulsive Energy - The Born-Mayor potential energy is of the form

V Or) =o.L I+Zi- Ai / P e. (B9)

where a - valency of atom, Y - number of electrons in outer closed
(36)

shell. We will take p to agree with the early work of Born and Mayer,

P - .345 Ac. The radii of the ions will be taken to be (*

15A 0 and r' (1,46.#"G)-.62 Ao. (37)

In order to determine the interaction constant in the Born-Mayer potential

for a carbon atom and some other metallic atom we will minimize the re-

pulaive energy with respect to local strain in the case of iron and ielect

the value of the constant, b , which will give agreement with experiment.
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The experimental value of local strain is 0.19, which was determined from

martenaitic tetragonality. ( 38) he repulsive energies are

(Fe-c) E L 34-+ .. e4 (I-

(Fe-Fe) (=") = 4 ( I + B.

Parameters of the Fe-Fe and Mo-Mio repulsive interahtion were determined
( 39)

from the calculated parameters of the Morse potential for cubic metals.

The resulting value of cL is 0.15 for both metals.

7he radial displacemits considered are indicated in the figure.

F MOLYBDEWJ)UM

o CARBON'

We will calculate E , the interstitial interaction energy, for the hole

position, by summing the two body interactions for an interstitial and two

displaced boitatoms. Mhe energy of the complex, Ea , will be calculated

by sumuing interactions for 2 displaced host atoms and 22 non-displaced

host atoms.
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E_= 6e(60 P-I-4.157(2+(I+t) +20'-.7(~e~'~

where 4 is the displacement of nearest neighbor atoms.

The value of • - 0.10 was calculated by minimizing this repulsive energy.

To calculate the energy of the barrier, we let E Z be the interaction energy

of the interstitial and 4 displaced host atoms and Ec the interaction

energy of 4 displaced host atoms and 20 non-displaced host atoms. Then

F- 54- .QJD {-5.I E(I+CS)1

Ec=86aiGt-.o A& (4-5)e[+(224j4-)''

+ 5IZO .A.J. Z j79e~--s E (- 64- f4.7[(i)fI f]

where 8d/e is the displacement of nearest neighbor atoms. From the

mini-isation a value of 6 0.05 was calculated. 7he resulting values

of energ w are

E (orie)&O 7.89 eAJ.

lectrostatic &nergy - In order to consider electrostatic interactions we

shall only consider interactions with 6 host atoms and 8 host atom in the

hole and barrier position, respectively. This is possible because the inter-

action in screened by conduction electrons.
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15sarus result for the potential is

and ; is the valence difference, and NJ. is the conduction electronic

densit4, taken to be 1 electron/atom for Mo. Lasarus' original theory

was applicable to substitutional impurities. In an interstitial solution

we are not merely replacing regular atoms and thus we are interested in

the total potential energy of an impurity atom. Since the valence charge

of carbon is +4 the sigD of electrostatic interaction represents repulsion.

The charge of the molybdenum atom which the screened carbon atom inter-

acts with will be taken to be +6. Although the 4d electrons do not fill a

band, their effective mass is large (small band width) and they are thus

localised.(41

"Actually the number of free electrons to be used in determining the screen-

ing constant is not determined simply by the electron arrangement in the

outer a and d atomic levels. It is known from band theory that the d and

s bands overlap and, as a result, there are deviations from the simple

picture, there always being less than one a electron per atom in the tran-

sition elements. (

( 40)
More accurate solutions of the Thomas-Fermi equation for repulsive

electronic forces gives a potential of the form
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for tightly bound electrons. The potential energy of carbon in molybdenum

is v =1•__7,_ eKP-2. 23-

for <( - 0.5. Thus

E (ho, le) ' (- 175 e 261(1+t) + 1173(•4') - 7=,.e.

and

173 (4) (-4.7) =19. 6ev- (B16)

Therefore, E(hole) - 26.77 ev. and E (barrier) a 28.16 ev. irom the

difference in barrier energ and the energy of the interstitial. in the

equlibrium position, the activation energy for diffusion is calculated

to be 32,000 cal/ole for molybdenum. This value is in reasonable agree-

ment with the experimental value ranging from 25,000 to 33,*00 cal/mole.

In order to calculate the stress induced ordering parameter I we mnat

calculate aE/ g C at the barrier position and a non-preferred hole

position. In term of small elastic strain, the energy expressions are

given by the followings

E (hole)=77e 4. 57(l. 1)(1--VE+ 6!6oet(- 9 .2

+6Pe60 e 766 (I.36E-. 64 va)3±7e~eoef-7.92(I I -R-e)

+ 73 (F-) e{...2 61 (I -)(I +) Oil3) e t-3.7 (I4-+ E (017)
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E ÷be •-ý-ie-)=7 +77e'-•• '' •--<• '

+31 i~45?I~-.'6e.413 e 4-.057(I.93-1.861UF+E)j

+ 31 3oe -79e(i.o5)(i-~ +~&)~3i3o e{f4.157(2.0-3- ).96,vE+ W.1

+31-50 e{f- 4.57(2.05+ E-2.O6V (S

+3 13-0 e t-4.5-7(1.98+.9E-2-06-VF)+ 1.7 305 e o-3.2 (0 4- 5 1-4V

+ 175 (?-) e {342 (1 -- V E) 173(a-) e{-. ii.--)1.77(4.05) e 2.84 f-4 a

+ , (2) P. 4.,7(,-Vo _.+3i3• e.8 _,.9 t (B18)

We neglected the variation with strain in + as compared to e(-- )

-rom the above expressions and using V - Poisson's ratio - 0.32 we cal-

culated the following derivatives:

a)" (bcL'o-"er) =-2. 8X IO-3 CCLI (B20)
aI 1o &0lee- ,

These results indicate that *hile there is an effect of stress on the

energy of the interstitial in the equilibrium position there is a negligible
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effect on the activation energy for diffusion of interstitials (in this ex-

ample carbon in molybdenum). This is because the energy of the non-pre-

ferred hole is lowered by a comparable auount to the barrier energy.

Due to the lack of appropriate data a similar analysis for H in -ob. and C b

was not carried out at this time. However it is possible to obtain a

reasonable estimate of the stress induced ordering parameter for inter-

stitial diffusion in the metals being considered from the variation in

solid solution lattice spacing with concentration of solute atoms in a

martensitic lattice.(43) The uniform variation with concentration of

hydrogen interstitials has been measured for '-o& and C b (4). Fisher

has derived an expression for the change in lattice spacing with concen-

(38)
tration in the uniform and the martensitic state. From th ese ex-

pressions one can derive the result

S (Vartensitic) (uniform) (B21)

where 1-- 3i-- 3 represerits the ordering parameter.

Using these results we calculate values of .017 cal/mole-psi for hydrogen

in Ta, and .022 cal/mole/psi for H in columbium. The value obtained for

columbium agrees very well with the dependency of the activation energy
(18)

on stress observed from the yield point by Wilcox et al.
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APPEDII C

MET OF THE STRESS FIRM OF DISICATIONS ON INTESTITIAL DIFFUSION

The effect of diffusion of the dilute Snook atmosphere on the flow stress
of iron has bow previously considered. ( 1Ao there is expected to

be an effect of reorientation of the Cottrell atmosphere, due to dis-

location assisted Jumps, on the upper yield stress. In addition to diff-

usive notion the impurity atomi acquire a steady drift velocity given by

(Dr/RT) F , where F is the interaction force provided by a dislocation.
(20)

Mara et al.. calculated the force on the locking atom to be given by

a linear function of stress. It is felt that the direct effect of dislocation

bulging on the interstitial jump frequency TT should also be taken

into account. It is necessary to review the theory of dislocation-inter-

stitial interactions in order to obtain a clear picture of the bound inter-

stitial sites. The dislocation and interstitial sites being considered

are indicated in Figure Cl. /5

r

?Yi vil

FIGURE Cl
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The following expression for the interaction energy has been derived

by Cochardt et ale

.- I 7 ••O (-. e- oe e),)

where D1 and F1, S.., , , represent the martensitic

strains along the crystal axes. It turns out that interstitials on men

2 and 3 have a wide -in!imi in energy below the s]ip plane (w = Trr)

and, also, interstitials on axis 2 have a sharp minimum on the slip plane

(',-o.).

From this result we conclude that atom below the slip plane provide met

of' the. locking because there are a larger miber of preferred sites belov

slip plane and also that atom in the slip plane attract dislocations in

the slip directions A shift of impurity atoms from below the slip plane to

the slip plane A Ul reduce the locking force and also pull the dislocation

further along the slip plans. Our picture of the jump process is indicated

in Figaro C2,
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We will now calculate the effect of a stress induced dislocatLon displace-

sent upon the interstitial binding energy at sites below and on the slip

plane* We refer to Figure C3for the definition of X) Y and x5

XB

FI(WRI3 C3

Position A refers to the unit cell with origin at the natriz atom below

the slip plane. Position B refers to the unit cell with origin at the

matrix atom in the slip plane. The interaction energy below the slip

plane simplifies to

V= A Sir=,9- Ay (C2)

Squating the force crs bt , applied on a dislocation segment of length b,

to the locking force we obtain
%0--O (.S b~y 03)

when Yi is the number of locking atoms The energies at cells A and B

be com e V 5 = _ _ .A A X 4 -. .....

V A A + A 0
__=_ --_ - - -•- Af ÷ ... (d)
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For small dislocation displacements (keeping only terms linear in __Y10

and*~ we obtain

AXO AY A3 be as
VA- VB X.; - 2A -AP (C5)

The averages of ' and y are set equal to R/2 , where R is the radius

of the atmosphere. This radius has been defined previously by Cottrell as

R=A /AT (47) . Schoeck and Seeger ( )also confirm the applicability

of this definition.

The number of locking atoms, h , is given by T¶V .' 201cO , where Cr

is the atomic concentration of interstitials. We will assume that C1

is the same as the concentration of the lattice interstitials. In columbium., an

used in this study the atomic concentration, C 1 , is 2.8 x 10 and this

corresponds to an atmosphere of 1 atom per atomic length of dilo cation

within the radius - .

Thus

& Ab 2  . oas bto 3 ca-' .9Z (06)
AV 8TTbl• C z 8aTr C 4 A

and 6N/bL. e
jer" - 8 IT a A 0)

The aicrostrain rate resulting from Equation (C7) will behave so
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As an estimate of A, we will take the value 1.5 x 2dyn-em, found

for the interaction between carbon interstitials and dislocations in iron.(47)

Using our expression for A as defined by Equation (C7) we calculate values

of 3.3 X 10"- (psi)"1 , 1.6 x 10"4 (psi) in columbium and tantalum respecti-

vely. The expression for a involws the impurity concentration, C. ,

and the interaction constant A. It can be used to evaluate the product AC 1

but not either factor separately. Thus it is possible that the interaction

constant, A, is smaller and the concentrations Cx , greater than the

values used.

It is essential to consider an atmosphere continuously distributed within

a radius R =A/*Tin order to obtain an energy change that is linearly

dependent on temperature. Likewise the impurity atmosphere has been re-

presented by Beshers in terms of a continuous Fermi-Dirac distribution.(48)
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APPEMDIX D

MAGNIUDE OF .NELTIC STRAIN NORMAL TO THE APPLIED STRESS

The anelastic strain will be determined from a thermodynamic derivation

following Brinkman and Schvarzl, except that we will consider the

3-dizensional case. For an equilibrium condition

where p - density, 6 - strain, Tr a temperature, 9 - position

coordinate, A - Boltzumnn's constant, V a potential energy due to

lattice, tr a potential energy change due to stress.

At equilibrium states, the entropy and internal energy are given by

00

_ v+no) 9d + &ti (D2)

fti ticn a differential change in

Then T 2S' 6 4.- 8 P d +6- u 6E

bp
4-5(v4 i.) c7 dý.Ej+aj Qo661 (D

1(14



and upon us~ing

5a6 dj=o

wegot

M______ .'ueL E Q V
1 40- v I- P + , -%1-2D.

0= + - w s -E(I-VW)EaL

0= rz _t__,___,Lel Eovd

Ee- = Ee 5 Qh (t4--v-a ')-q(a-et-I~-4-~

or EP-, r +-rl,-eqr(D v)

IEP-z MF-3 -Qin



Thus the ratio of transverse to longitudinal melastie utrain is given by

8. - ..h1, - ,

~ivi (D6)
£•- ar,v-.I.

and since p.,,-.. for ,.<O.S

the transverse strain is always smaller than indicated by Poisson's ratio,

116



APPENDIX I

ACTIVATION WMIRS rIN•XNG THE YUM DEIA! TM. AND HE MICROST•EAI RATE

From Equations (13) it is seen that

and, likewise,

, , • - (,-*-•) W,
Thus td4

(13)

where
tjoe- N •

This leads to

+ cDDCl -

= .[• - -!J( ~ r

which can be simplified by introducing Equation (10) to

- - e 7 y (E1)
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For very small values of t , or better c-A , this leads to

The activat .m energy of the strain rate has a sowmehat simpler form,

Rewriting Equation (]2) in the form

- -tz
6- C 91- (E5)

we have, on using the same definition of '-,k as above,

Gý'_ R d L,&

Rd- QZ

or GI= (i-At) (36)
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